Metallic titanium film was deposited on H-13 steel substrate at 470˚C -530˚C using plasma enhanced chemical vapor deposition (PECVD) method. In this paper, the effects of manufacturing parameters were investigated on deposited titanium coating characteristics. XRD, FESEM, XPS and AFM were used in order to study coating characteristics. Increasing hydrogen flow rate from 200 to 360 sccm, resulted in a 72% decrease in oxygen content and 38% decrease in chlorine content of the film. Applied plasma voltage has a severe effect on nanohardness of coating. Pressure of the deposition chamber has a negative effect on titanium characteristics.
Introduction
There are varieties of techniques available such as conventional chemical vapor deposition (CVD), physical vapor deposition (PVD) and plasma enhanced chemical vapor deposition (PECVD) to deposit ceramic and metallic coatings. Among these, the latter has some advantages such as low deposition temperature, better adhesion of coating to the substrate and uniformity of coating on specimens with complex shapes which makes it unique [1] . PECVD is capable of depositing a uniform and adherent film onto steel at about 500˚C instead of 1000˚C in CVD method [2] [3] . Here, metallic characteristics of titanium film were needed [4] - [6] , so achieving a metallic and ductile film with low oxygen content was the goal of this research.
Using various techniques lead to distinct morphologies and structures of the coating and as a result mechanical and chemical behavior of coating would be different. Physical methods are mostly used to deposit titanium film [5] [7]- [11] . Different methods such as magnetron sputtering [12] - [16] , filtered cathodic arc [17] , ion plating [6] [18], plasma immersion ion implantation and deposition [19] , hollow cathode deposition [20] - [22] , pulsed laser deposition [23] , vacuum arc [24] , laser ablation [25] [26] were used to deposit titanium layer in different coating systems. Chemical methods are rarely used to deposit titanium film [27] - [31] and yet no research is done about the relation of deposition parameters and characteristics of the layer. Currently there is little information available about using plasma enhanced chemical vapor deposition method and the effect of plasma parameters on coating characteristics. These systematic data is very vital to achieve a coating which satisfies the needs of today's industry. In PECVD method one of most challenging problems is oxygen content of the deposited film due to lower vacuum level in comparison to physical methods. Oxygen content deteriorates metallic characteristics such as ductility and fracture toughness.
In this paper, effects of plasma parameters on coating characteristics were studied in order to deposit a titanium film with optimum condition.
Experimental Method
H-13 steel samples were prepared in coin like shapes with diameter of 20 mm and thickness of 5 mm. They were heat treated and their hardness reached 52 HRc. Then samples were mechanically polished to the roughness of 0.1 μm. After that they were degreased and plasma nitrided. The chamber was cylindrical with diameter of 40 cm and height of 60 Cm. The PECVD chamber had a heating system and could raise the temperature of the chamber. The temperature was controlled with a thermocouple placed near the samples in the vacuum chamber. The samples were mounted on the cathode stage and the walls of chamber were connected to earth and acted as anode of the system. The pulsed direct current was used to produce plasma. The power supply was able to produce a voltage up to 700 V and frequencies up to 12 KHz. Flow of gases were controlled by mass flow controllers and TiCl 4 was carried to the chamber with H 2 as the carrier gas, which flowed through the TiCl 4 container at 42˚C. Before starting to enter gasses to chamber, initial pressure reached 0.1 mbar but during the process, chamber pressure was about 4 -7 mbar depending on other parameters. Gas flow rates, plasma voltage and pressure of the chamber were changed to find the parameters which lead to appropriate characteristics of titanium film. Process parameters are shown in Table 1 .
Deposition was carried out according to the values given in Table 1 except for the parameter which was under investigation in each step. Temperature of the samples in all experiments was set between 470˚C -530˚C. Deposition rates were obtained by measuring coating thickness under FESEM. Surface compositional analysis was done by X-ray photoelectron spectroscopy (PHI 5802) using Al kα monochromatic radiation. Argon gas was used to sputter the surface impurities for 5 minutes. Compositional analysis through depth of titanium layer was also done by argon sputtering.
Nano indentation was done with a Berkovich indenter and a load of 7 mN in order to measure hardness of the coating. For hardness measurement average of three readings is reported and the error of measurement is about 8% for most of the samples. XRD analysis was done by Expert diffractometer (Philips) with a scan rate of 0.02 degrees per second.
Results and Discussion
As it is shown in Figure 1 , a dense and uniform film containing 11 atomic percent of oxygen is deposited on the substrate. Oxygen is solved in the titanium film according to phase diagram of titanium and oxygen. Compositional analysis also corroborate with SEM micrograph due to formation of a solid solution of titanium and oxygen. In Figure 2 , topology of titanium coating containing 6% at oxygen is shown. The average crystallite size of samples was between 250 to 400 nm due to deposition parameters change. In the following sections the effect of each parameter on coating characteristics is investigated.
Voltage
Voltage is one of the most important parameters which could affect film characteristics. As it is shown in Figure  3 , applying voltage has a drastic effect on hardness of the film. The hardness dependence on the applying voltage can be a result of ion energies and the energy of ion impingement to the surface to create the film. The cathode sheath thickness (dc) multiplied by pressure (p) is a decreasing function as voltage increases [32] . Therefore in constant pressure, dc decreases with increasing the applying voltage, resulting in higher energies of the particles hitting the cathode surface and higher plasma intensity due to higher energies of secondary electrons. This higher energy of ions results in denser and harder coatings. Mogensen et al. [33] found that there is a correlation between deposition rate and hardness of the film. In most of our samples, deposition rate and hardness relationship of the samples corroborates with that result.
Pressure
Plasma intensity decays with the total pressure of deposition. In constant voltage, the cathode-sheath thickness (dc) multiplied by the pressure (p) has approximately a constant value [32] , and the mean free path (λ) is inversely proportional to the pressure, furthermore the average number of collisions for species travelling across the sheath (dc/λ) is constant. This suggests that the energy distribution of particles hitting the cathode surface is independent of the total pressure. On the other hand as it is shown in Figure 4 , increasing total pressure led to increasing oxygen gas in the reacting chamber. Therefore, due to tremendous capability of titanium to dissolve oxygen, higher oxygen in chamber resulted in higher oxygen impurity in the film. Increasing pressure led to more effective impingement of ions to the cathode surface and as a result increasing the deposition rate of the coating.
Argon Flow Rate
As it is shown in Figure 5 , argon flow rate apparently does not have any effect on oxygen impurity. Increasing argon flow rates more than 125 sccm resulted in lowering deposition rate, probably due to more severe sputtering which is happening on the surface of the cathode. Increasing argon flow rate from 140 to 160 sccm, resulted in decreasing deposition rate, but increasing film hardness. It is probably because of higher compressive residual stress created in the film due to higher argon bombardment and also higher argon content which was dissolved in the film.
Hydrogen Flow Rate
Hydrogen is the reduction agent which can control the amount of residual chlorine and oxygen in the chamber as well as the coating. As it is shown in Figure 6 , increasing hydrogen flow rate results in an abrupt decrease in oxygen and chlorine impurity in the titanium film, severely decreasing the nanohardness of the film. A correlation between deposition rate and hydrogen flow rate was not seen in this experiment because hardness was severely under the influence of oxygen and chlorine impurity of the film rather the deposition rate. Figure 7 shows XRD peaks of samples deposited under different hydrogen flow rate containing 11%, 6% and 4% oxygen. In  Figures 7(a) and (b) , the peaks have a considerable shift to lower angles in comparison to a stress free sample. This peak shift is due to gas impurities which are dissolved in the titanium resulting in a compressive stress. The Figure 7 (c) with the lowest oxygen content has the least residual stress and therefore the least peak shift in comparison to other two samples. XPS Surface survey and compositional changes through depth profile of sample coated with hydrogen flow rate of 320 sccm, are shown in Figures 8 and 9 , respectively. Impurities concentrations reduce through depth and summation of them reaches to 10% to 12%. The purity of titanium layer is about 90% after 500 seconds of sputtering. Using advantages of this metallic layer as Ti/TiN multilayer coating is described elsewhere [34] . Oxygen on the surface is about 6% but it reduces to 2.7% after 1000 seconds of sputtering. Carbon impurity dissolved from oil of vacuum pump in the coating and it could not be avoided. There is also chlorine impurity that came from dissociation of precursor titanium chloride.
Conclusion
Titanium film was deposited on H-13 steel substrate under different process parameters in order to understand the effect of them on the film characteristics and simultaneously obtain the optimum parameters to achieve a metallic and ductile film. Increasing pressure of the chamber results in higher oxygen and chlorine contents of the film. Therefore metallic characteristics of the film diminished. On the other hand, increasing hydrogen flow rate, helped to lower oxygen impurity to about 72%. The highest purity of titanium which was achieved in this research was about 90.1 at% on the surface after 500 seconds of argon sputtering. Applying voltage and argon flow rate was not very effective on controlling gas content of the film but they did have an effect on the deposition rate. Hardness of the coatings, were dependent mostly on the level of gas impurities dissolved in titanium and deposition rate. In most of the samples, there was a correlation between deposition rate and hardness.
